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Abstract. We have studied the multi-nucleon transfer reaction 14C(7Li, p) at ELab(
7Li) = 44MeV popu-
lating states of the neutron-rich oxygen isotope 20O. The experiments have been performed at the Munich
Tandem accelerator using the high-resolution Q3D magnetic spectrometer, with an overall energy reso-
lution of 45 keV. States were populated up to 20MeV excitation energy —65 states have been identiﬁed
in the analysis, among which 42 are new. Rotational bands are proposed in terms of underlying intrinsic
reﬂection-asymmetric cluster and prolate molecular structures (namely 14C ⊗ 2n ⊗ α) as parity doublet
bands. A rectangular oblate structure is suggested for some very narrow states at high excitation energies.
1 Introduction
Clustering is a general phenomenon in light nuclei, usu-
ally at higher excitation energies in the vicinity of the α-
decay thresholds [1], as is well known e.g. for the α-cluster
structures in 12C and 16O. Deformations due to cluster for-
mation are much larger than expected from the standard
shell-model structures. Adding neutrons to such cluster
systems gives rise to two kind of structures: i) molecular
or covalent conﬁgurations in which the added (“valence”)
neutrons induce binding between the clusters based on
molecular orbitals [1–3], similar to the well-known eﬀect
in atomic physics; ii) “ionic” conﬁgurations in which neu-
trons are concentrated next to one cluster (the one which
has larger biding energy for the neutrons). These two types
of conﬁgurations have been discussed in details, e.g., for
the 12Be case [4,5].
Cluster conﬁgurations with two clusters of diﬀerent
size, e.g. conﬁgurations of 20Ne built from α- and 16O-clus-
ters, give rise to intrinsic reﬂection-asymmetric shapes.
Due to this asymmetry these conﬁgurations do not have
good parity. Following Horiuchi and Ikeda [6], the latter
is restored using a linear combination of the wave func-
tion describing the given intrinsic shape φdirect and its
reﬂection on a plane perpendicular to the symmetry axis,
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c Present address: School of Physics and Astronomy, Univer-
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φreflected. In this way two bands with opposite parity ap-
pear in the excitation spectrum as a so-called parity in-
version doublet. States of the bands are deﬁned by parity
projection as
Φ± = (φdirect ± φreflected)/N±,
where a normalisation contains the non-orthogonality
overlap given by
N2± = 2 (1± 〈φdirect | φreflected〉) .
The even- and odd-parity conﬁgurations are related to
the “+” and the “−” sign, respectively. Parity doublets
emerge as two bands with diﬀerent excitation energies; the
energy splitting between the even- and odd-parity bands
carries important information on the intrinsic structure of
the states, due to the fact that it depends on the overlap
integral between the direct and reﬂected intrinsic shapes.
Rotational bands built on these deformed shapes appear,
for spin equal to 0, with members 0+, 2+, 4+, . . . , for even
parity and for odd parity as 1−, 3−, 5−, . . . , respectively.
Such structures are well known in atomic molecules [7],
as well as in heavy nuclei, where this feature appears with
octupole deformations as a unique quantum eﬀect [8]. The
energy splitting between two bands, E+-E−, is usually
denoted as 2 · δE (see e.g. ref. [9]).
In nuclear physics the ﬁrst reﬂection-asymmetric clus-
ter structure, suggested by Horiuchi and Ikeda [6], were
the (12C⊗ α) and (16O⊗ α) conﬁgurations forming ro-
tational bands in 16O and 20Ne, respectively [10]. Adding
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Fig. 1. (Color online) Structures of 20O (schematic, see also
ref. [14]), with cluster-model (CM) and shell-model (SM) con-
ﬁgurations. (A) the (16O⊗ 4n) structure, which characterises
the ground-state band and many states of (sd)4-conﬁgurations
up to 10MeV; (B) the (14C⊗6 He) structure, where two neu-
trons are exchanged between the α-particle and the 14C cluster;
(C) the “ionic” (16C⊗ α) cluster structure (two extra neutrons
are concentrated next to the 14C core in 16C). Corresponding
SM (p-h) conﬁgurations are given.
one or two valence neutrons for example to (16O⊗ α) leads
to covalent binding in molecular conﬁgurations, as e.g.
in 21Ne and 22Ne. These molecular bonds have been dis-
cussed in details by von Oertzen, e.g. the (16O⊗ n ⊗ α)
structure for 21Ne [11]. Kimura has performed [12,13]
AMD (anti-symmetrised molecular dynamics) calcula-
tions for 22Ne, ﬁnding the covalent bonds of the two neu-
trons between the 16O and α-particle. The density plots
given in that work for the valence neutrons clearly show
the molecular orbital structure with σ- and π-bonds, also
well known from the 9–10Be isotopes [1].
Furthermore, Furutachi et al. [14] have calculated clus-
ter and molecular structures for 16O, 18O and 20O in
the AMD+GCM framework (GCM —generator coordi-
nate method) and described the parity doublet bands as
well as single-particle excitations in these isotopes. The
authors deduced for each of the three isotopes the split-
ting energies between the even- and odd-parity bands of
the K = 0±2 parity doublets as 3.1MeV, 4.6MeV and
6.0MeV, respectively.
We have performed experimental studies of such struc-
tures in 18O, 19O and 20O. The results on 18O [9] and
19O [15] have been published recently —we refer to these
articles for a more detailed introduction into the subjects
discussed here.
2 Structures in 20O
In the present work rotational bands with parity doublet
structures are proposed for 20O in analogy to the 22Ne case
(with a 14C cluster instead of 16O). At least two types of
cluster conﬁgurations are expected to be of importance:
“molecular”, depicted schematically in ﬁg. 1(B), and
Table 1. Particle thresholds of 20O in units of MeV.
19O + n 18O + 2n 16C + α 14C + 6He 14C + α + 2n
7.608 11.565 12.322 16.817 17.790
19N + p 17O + 3n 18N + d 16O + 4n 12C + 4n + α
19.353 19.608 22.456 23.773 30.915
“ionic” (14C⊗ 2n)⊗α or (16C⊗ α), as in ﬁg. 1(C). In the
shell-model (SM) framework cluster structures and defor-
mations appear as collective (multi-particle–multi-hole)
excitations (xp-yh). Such structures are well known in the
lighter oxygen isotopes, e.g. the (4p-4h) structure of the
K = 0+2 rotational band of
16O at Ex = 6.05MeV (see
e.g. [16]).
Levels of 20O have been studied previously in a num-
ber of reactions [17–25]. The 18O(t, p) reaction was used by
Hinds et al. at 6MeV [18], by Pilt et al. [20] and LaFrance
et al. [21,22] at 15MeV incident energy. States of 20O up
to 10.12MeV excitation energy were found and spins as-
signed from the analysis of angular distributions. These
authors also performed the SM calculations and identi-
ﬁed, besides the three states of the ground-state band,
three members of the K = 0+2 band with the band-head at
Ex = 4.458MeV. In the SM calculations they have found a
pronounced (6p-2h) structure for these states. This collec-
tive, deformed band corresponds to the cluster structure
obtained in the AMD calculations of Furutachi et al. [14]
for the 0+2 band-head showing a [
14C⊗ 6He] conﬁguration
(see ﬁg. 1(B), adapted from ﬁg. 8(c) of ref. [14]).
Furthermore, two higher-lying 0+ states have been
identiﬁed from the following (p, t) data:
i) the state at 5.38MeV was assigned by Pilt et al. [20]
deﬁnitely as Jπ = 0+3 ; it has a shell-model struc-
ture. Also LaFrance et al. [21] and other authors
found in the SM calculations a 70% occupation of the
ν(1d5/2)2(2s1/2)2 conﬁguration.
ii) The state at 9.770MeV was assigned with Jπ = 0+4
by LaFrance et al. [21] from the shape of the angu-
lar distribution. This 0+4 state is located not far from
the 16C + α threshold of 20O (table 1), which favours
the formation of corresponding cluster structures. The
AMD calculations of Furutachi et al. [14] show, that
at these higher excitation energies cluster structures
of the conﬁguration [16C⊗ α] are strongly developed
(see ﬁg. 1(C), adapted from ﬁg. 8(d) of ref. [14]), note
that the 0+4 state is labelled in ref. [14] as 0
+
3 (AMD)
(we added an extra label for the AMD calculation),
because the true 0+3 state of the experimental level
scheme has not been identiﬁed in the AMD cluster
calculations, probably due in part to its shell-model
character).
The odd-parity states in nuclei with the sd-shell are
of special interest, because the shell model generally has
diﬃculties to describe them unless a very large basis (with
the fp-shells) is used. They appear, however, naturally in
connection with the parity doublet structures, rotational
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bands based on an asymmetric cluster conﬁguration with
axial symmetry. The odd-parity doublet partner to the 0+2
band should start with a 1− state as band-head. Trygges-
tad et al. [23] established two 1− states at 5.35(10)MeV
and 6.85(5)MeV using Coulomb excitation of 20O pro-
jectiles at 100MeV/nucleon. They assigned the state at
5.00(10)MeV as 3−, which has been already previously
observed [20,21], but not ﬁnally assigned (3−, 2+, 1−).
Wiedekind et al. [24] used the complex 10Be(14C, α) re-
action with α-γ coincidences and identiﬁed again a 1−
state at 5.354MeV, and in addition, ﬁve new states at
3.895MeV, 4.353MeV, 4.998MeV, 5.115MeV, 5.873MeV
by their γ-transitions, but spin assignments have not been
made. Further 3− and 5− states have been identiﬁed: the
3− states at Ex = 5.61MeV [21,24], 7.62MeV [21] and
8.80 [21,19]; these appear all as strong lines in (p, t) re-
actions. The 5− states were found at Ex = 7.252MeV
and 7.855 [21], these lines are rather weak in (p, t). Sum-
ithrarachchi et al. [25] investigated levels of 20O using the
β-decay of 20N to ﬁnal states of 20O. Eight new states were
found between 7.570(1)MeV and 12.957(4)MeV from β-γ
and β-n coincidences (see tables 4 and 5). They were all
assigned with odd parity, but the spin assignments were
given only as (1, 2, 3)−, i.e. as 1-particle–1-hole excitations
typical for β-decay. None of these new states from ref. [24,
25] have been observed in other reactions, and were also
not observed in our (7Li, p) reaction, within the given error
bars of excitation energies. This observation also points to
the fact that our reaction populates dominantly high-spin
states with cluster structure. Some states seen in ref. [25]
might correspond to the states observed in the present ex-
periment at slightly lower excitation energies, see tables 4
and 5.
3 Experiment
The measurements have been performed at the Tan-
dem Van de Graaﬀ accelerator of the Maier-Leibniz
Laboratory of the Technische Universita¨t Mu¨nchen
and the Ludwig-Maximilians Universita¨t Mu¨nchen us-
ing the high-resolution Q3D magnetic spectrometer. The
14C(7Li, p)20O reaction has been measured at a beam en-
ergy of 44MeV; the ground-state Q-value for this reaction
is +6.842MeV. States in 20O from the ground state up to
excitation energies of 20MeV have been observed with a
resolution of 45 keV using ten diﬀerent magnetic-ﬁeld set-
tings. These measurements have been performed at the
three scattering angles of θLab = 10◦, 20◦ and 39◦ with a
solid angle of 13.85msr. Details of the experimental set-
up and the detector system in the focal plane are given
in refs. [9,26]. The 14C target with a total thickness of
70μg/cm2 consisted of 89.3% of 14C, 8.6% of 12C and 2.1%
of 16O. To determine the corresponding contributions from
12C and 16O in the spectra, measurements on a 12C target
of 70μg/cm2 thickness and on a V2O5 target of 69μg/cm2
thickness with a 12C backing of 20μg/cm2 were performed
in addition. The corresponding spectra were included in
the ﬁt of the 20O spectrum as background contributions
and they were normalised to observed characteristic lines
of 18O and 22Ne.
The large diﬀerence in the masses of projectile and
ejectile and the corresponding diﬀerence in angular mo-
menta induce a strong mismatch (about 10 h¯) in the angu-
lar momentum between incoming and outgoing channels.
From this fact it is expected that a direct transfer mecha-
nism is hindered, and a multi-step transfer of the two neu-
trons and the α-particle favoured; however, the reaction
may also proceed partially through a compound-nucleus
mechanism. In the latter case the states of higher spin J
receive larger cross-sections due to the phase-space factor
(2J + 1). This spin multiplicity also applies to direct re-
actions, a feature which is independent of the structure of
states, whether they have cluster or SM structure. A mix-
ture of both reaction mechanisms has already been found
in the 13C(6Li, p)18O reaction [27] at the lower incident
energy of 28MeV.
In the analysis of the spectra the lines have been ﬁt-
ted using Gaussian and (above particle thresholds) Breit-
Wigner line shapes, and their intrinsic widths have been
obtained using the ﬁtting code SPEC [28]. The three-
body phase-space distributions for p + n + 19O(Ex =
2.37MeV, Jπ = 9/2+) and p + p + 19Ng.s. and the
p+ 18Og.s. +2n four-body distribution were also included
in the ﬁtting procedure and ﬁrst normalised in parts of the
spectra not having states; the ﬁnal normalisation is then
achieved by simultaneous (least-mean-square) ﬁt of the
states and phase-space distributions; details of the proce-
dure can be found in refs. [29,30]. Based on the sensitivity
of the ﬁtting procedure, an error in ﬁnding the intrinsic
widths of the narrowest states is estimated to be ≈ 20%,
for isolated states it is smaller (≈ 10%).
Spectra with the results of the ﬁtting procedures
are shown in ﬁg. 2 for θLab = 10◦ (upper panel) and
θLab = 39◦ (lower panel). The peaks corresponding to con-
taminations in the target are marked by the residual nuclei
18O and 22Ne, respectively. The contributions from 16O
are extremely small. The contamination spectrum from
12C shows at higher excitation energies itself a smooth
rising background (short-dashed line, marked at about
Ex = 20MeV by 12C).
In the ﬁt of the spectra Breit-Wigner line shapes
were used for unbound states and three- and four-body
phase-space distributions were calculated as a background
starting at excitation energies at the relevant thresh-
olds —these contribute considerably to the part of the
spectrum above the thresholds (see table 1) and can be
the origin of some uncertainties in the absolute cross-
sections. We observed 65 states (summarised in tables 4
and 5), where only 23 states were known previously from
refs. [17–25].
Experimentally observed states at low excitation ener-
gies in 20O are generally described rather well within the
shell-model calculations (e.g. [21]), while for higher exci-
tation energies we found no shell-model calculation pub-
lished in available literature. The calculation performed
within the AMD+GCM framework [14] agrees well with
our results regarding moments of inertia of observed con-
ﬁgurations, but common shifts in excitation energies are
needed to obtain a complete agreement (for details see
ﬁg. 3 and sect. 4).
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Fig. 2. (Color online) Spectra of the 14C(7Li, p)20O reaction at ELab = 44.0MeV at θLab = 10
◦ (upper panel) and θLab = 39◦
(lower panel). The range of excitation energies up to 20.2MeV is displayed in each panel in three sections. In the upper panel
the smooth rising curve (dash-dotted line) represents the p+ 18Og.s. +2n four-body phase-space distribution. This background
has been subtracted in the lower panel (θLab = 39
◦). The three-body distributions for p + n + 19O(Ex = 2.37MeV, Jπ = 9/2+)
and p + p + 19Ng.s. start at 9.98MeV and 19.35MeV (continuous lines in both cases), respectively. Spectra measured on
12C
and 16O at the same conditions as on 14C are included in the ﬁt, corresponding 18O and 22Ne states are indicated by 18:O(Ex)
and 22:Ne(Ex), respectively. Members of the K = 0
+
2 , 0
−
2 , and 0
+
4 bands of
20O (with tentative assignments) are marked by
downward hatched (blue), ﬁlled (cyan), and upward hatched (red) areas, respectively.
4 Discussion of rotational bands
4.1 K = 0+2 band
LaFrance et al. [21] identiﬁed the ﬁrst three members of
a cluster band, with the K = 0+2 band-head at 4.455MeV
(ﬁg. 3, ﬁlled blue circles). The straight line corresponds
to a linear ﬁt using the relation between the excitation
energies Ex(J) and the spins J of a rotational band:
Ex(J) = Ex,0 + J(J + 1)h¯2/(2Θ). (1)
The slope of this line is given by h¯2/(2Θ), and depends on
the moment of inertia Θ. We attempted to identify higher-
lying members of the K = 0+2 band using: i) the system-
atics of excitation energies in dependence on J(J + 1) by
extrapolating the trend to J = 6 and J = 8, ii) results
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Fig. 3. (Color online) Rotational band structures proposed
for 20O: excitation energies plotted versus J(J + 1), where
J is the spin in units of h¯. The following symbols are used.
Ground-state band: ﬁlled squares; K = 0±2 parity dou-
blet bands (14C⊗ 6He): ﬁlled circles for the 0+2 band and
ﬁlled triangles for the 0−2 band; K = 0
+
4 band: ﬁlled di-
amonds; K = 0−4 band: open diamonds (magenta); AMD
calculations [14] for the 0±2 bands: open circles and tri-
angles (shifted by −6.3MeV); SM calculations using the
code Oxbash [31]: open crossed-squares, crossed-circles and
crossed-diamonds; GCM (generator-coordinate-method) calcu-
lations [32]: ×-crosses. Slope parameters h¯2/2Θ obtained in a
linear ﬁt to the data of the rotational bands are given.
from AMD calculations by Furutachi et al. [14] (ﬁg. 3,
open blue circles) as additional guidance for the relative
excitation energies, and iii) the dependence of experimen-
tal cross-sections for the band members on (2J +1) at the
three angles (ﬁg. 4).
We must add some caution concerning the cross-sec-
tions given in tables 4 and 5. Although the same peak po-
sitions could be ascertained at the three angles, the over-
lapping states with a width of 100 keV and more can give
strong variations in the yields (factors 1.5–2). Therefore
the application of the (2J +1) rule becomes uncertain for
states with larger width and the proposed assignments of
spin must also be based on other considerations (e.g., on
energy systematics) and checked independently.
The data measured at the three angles as well as the-
oretical two-step transfer calculations do not show char-
acteristic structures of the angular distributions in depen-
dence on J , which would allow spin assignments. Only a
faster decrease of the cross-sections towards larger angles
is observed for lower spins (see tables 4 and 5). There-
fore we do not show the results of these calculations here.
Independent of the reaction mechanism, which may be a
multi-step transfer of the (2n+α) particles or a statistical
compound-nucleus formation (21F∗), the cross-sections of
the chosen states will be roughly proportional to (2J +1).
This is shown to be approximately fulﬁlled in the up-
per part of ﬁg. 4 for the K = 0+2 band, supporting thus
Fig. 4. (Color online) Diﬀerential cross-sections in the cm-
system for members of the K = 0+2 (upper panel) and K = 0
−
2
(lower panel) rotational bands of 20O, plotted as a function
of (2J + 1) for three reaction angles. Symbols: ﬁlled squares
(green), open squares (blue) and ﬁlled triangles (red) are used
for the cross-sections measured at θLab = 10
◦, 20◦ and 39◦,
respectively.
the suggested assignments for the band members. Origi-
nally we had chosen for the last entry for the potential
8+ state the 15.72MeV state. However, although it seems
to ﬁt the energy and cross-section systematics, its width
is extremely small indicating a completely diﬀerent struc-
ture. The states placed in the rotational bands are chosen
to have larger width for higher spins and excitation ener-
gies (the widths are further discussed in the sect. 4.5). For
the last member of the band, the potential 8+ state, the
cross-sections start to depart from the (2J +1)-rule —this
is probably due to a large Q-value mismatch for the states
at very high excitation energies. The result for the bands
is summarised in table 2. The extremely narrow states are
discussed later in sect. 4.6.
4.2 K = 0−2 band
The band-head of the K = 0−2 band might be one of the
two known 1− states of 20O at 5.35MeV and 6.85MeV [23,
24], but these are not populated in the 14C(7Li, p) reac-
tion and therefore these probably do not have a cluster
structure. Also none of the odd-parity states observed by
Sumithrarachchi et al. [25] in the β-delayed neutron decay
of 20N can be identiﬁed in our spectra.
The splitting between even- and odd-parity bands of
the parity doublet in 18O is estimated to be ≈ 4.0MeV,
based on our results obtained for the 12C(7Li, p) reaction
at the same incident energy. Furutachi et al. [14] in their
AMD calculation predict a splitting energy for the K = 0±2
doublet to be 4.6MeV for 18O and 6.0MeV for 20O —the
diﬀerence between the two is around 1.4MeV (due to the
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Table 2. Experimental excitation energies Ex, spin-parities J
π and widths, given for diﬀerent Kπ rotational bands proposed
for 20O: the parity doublet bands 0+2 and 0
−
2 , and the parity doublet bands 0
+
4 and 0
−
4 . Assignments, which are made from the
(2J + 1), may have to be conﬁrmed independently, and are given in brackets.
Kπ = 0+2 K
π = 0−2 K
π = 0+4 K
π = 0−4
Ex (MeV) J
π Γ (keV) Ex (MeV) J
π Γ (keV) Ex (MeV) J
π Γ (keV) Ex (MeV) J
π Γ (keV)
4.458 0+ 9.918 (1−) 20 9.768 0+ 20 11.67 (1−) 100
5.237 2+ 11.95 (3−) 90 10.11 2+ 5 12.83 (3−) 100
7.754 4+ 13.96 (5−) 150 11.39 (4+) 110 13.44 (5−) 65
10.93 (6+) 40 18.46 (7−) 140 13.60 (6+) 250 17.35 (7−) 210
16.36 (8+) 90 16.63 (8+) 110
18.61 (10+) 190
fact that one cluster is larger in the 20O case). If we in-
crease the value we obtained for the 18O (4.0MeV) by
this diﬀerence, we estimate that the energy splitting for
the cluster band in 20O should be around 5.4MeV. The
corresponding 1− band-head is thus expected in the exci-
tation energy region around 10MeV. There are only very
few states in that region. Including other systematic argu-
ments (size of cross-sections, further members of a band
structure) the state at 9.918(5)MeV can be selected and
tentatively assigned as the (1−) band-head in agreement
with theoretical predictions.
Further members can be identiﬁed using states with:
i) the slope for the J(J + 1)-dependence of the excitation
energies as for the K = 0+2 band; ii) approximately linear
dependence of the cross-sections on (2J + 1). A 20O level
at Ex = 9.884MeV is found in the beta-decay studies of
20N [25]; as it is assigned Jπ (1, 2, 3)− it may correspond
to the same state proposed here as the 0−2 band-head.
Candidates for further three members of the odd-parity
doublet partner up to J = (7−) are suggested from the
above arguments and are given in table 2 and ﬁg. 3.
4.3 K = 0+4 band
Properties of the excited states of nuclei whose conﬁgura-
tions consist of holes in the 1p-shell and particles in the
2s1d-shell can be studied in a weak coupling scheme fol-
lowing the idea of Bansal and French [33] and Zamick [34]
(see also ref. [15] for the calculation for 19O). For the 6p-2h
states in 20O, LaFrance et al. [22] calculated the excita-
tion energy of 4.4MeV, which coincides with the excita-
tion energy of the 0+2 state. Using the same parameters
(a = 0.41, b = 4.9 and c = 0.34, all in MeV) to ﬁnd the
8p-4h states (6 particles are neutrons, and 2 are protons),
one gets Ex(8p-4h) ≈ 6.65MeV, a surprisingly low value.
So further complicated conﬁgurations (and their mixing)
are expected to occur already at low excitation energies.
So it should not be unexpected that a band with an
even higher moment of inertia than the 0+2 is proposed to
start with the 0+4 state at 9.77(1)MeV and the 2
+ state
at 10.125(11)MeV. Both states have been identiﬁed and
have clearly assigned spins and parities from the 18O(p, t)
reaction [21]. We observe both states at 9.768(5)MeV and
10.110(4)MeV, respectively, well below the 16C threshold.
For the (14C⊗ 2n ⊗ α) structure the threshold is rather
high, however, the pairing eﬀect between the two valence
neutrons is known to be large (8MeV), since a similar ef-
fect has been seen in the case of 10Be [1]. This K = 0+4
band is suggested to have a mixture with an intrinsic
(16C⊗ α) molecular structure. The covalent structure can
be hindered in this case, because the binding energies of
the two neutrons are very diﬀerent in (16C) and 6He (no
resonant exchange as in 21Ne). Higher-lying band mem-
bers are tentatively assigned, selecting states which have
large cross-sections, proportional to (2J + 1), and which
follow the J(J +1)-dependence on excitation energy. The
results are given in table 2 and displayed in ﬁg. 3.
4.4 K = 0−4 band
In table 3 we list the moments of inertia for diﬀerent rota-
tional bands found in spectra of oxygen and neon isotopes,
as well as the energy splitting of the parity doublets. From
Table 3. Cluster and molecular rotational bands in some oxy-
gen and neon isotopes. The slope parameters (h¯2/2θ) are given
for both positive- and negative-parity bands of a given struc-
ture. The last column gives the energy splitting (2 · δE) of the
parity doublets.
π = + π = − Energy
Nuclide Band-head h¯2/2θ h¯2/2θ splitting
(keV) (keV) (MeV)
16O 0+2 231 205 2.9
18O 0+2 197 198 4.0
18O 0+4 114 115 2.4
19O 3/2+2 201 195 3.8
20O 0+2 164 153 5.2
20O 0+4 84 96 1.7
20Ne 0+1 167 191 4.8
22Ne 0+2 110 105 2.0
22Ne 0+3 85 85 1.0
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these systematics we can predict that the energy split-
ting of the 20O molecular cluster band should be around
2.0MeV, given that the negative-parity band-head should
be expected at around Ex(0+4 ) + 2δE + 0.1 · J(J + 1) =
11.7MeV. At Ex = 11.67MeV one can indeed ﬁnd a state
in ﬁg. 2, which then might be assigned 1− as the band-
head of the negative-parity molecular band. Further mem-
bers of the band could be the states at Ex = 12.83, 13.44
and 17.35MeV —the corresponding cross-sections show
the correct trend to follow the (2J +1) rule. Independent
spin/parity assignment are, of course, necessary. See also
the discussion in sect. 4.7.
4.5 Widths of the states in the proposed rotational
bands
Table 2 lists the states of the proposed doublets of rota-
tional bands. There is a general trend for the widths of
the states in every rotational band to grow with increas-
ing excitation energy, but one can also see non-negligible
exceptions. There are several possible reasons for this, one
of them certainly being the fact that particle decay of the
states in the bands proceeds not only through the ground
state of the clusters involved, but also via their excited
states. A similar situation is seen in the 10Be case [35–37]:
the highest known state of the 0+2 molecular band (the
one at Ex = 10.15MeV) was actually found to decay not
only through the α + 6He(g.s.) channel, but also through
the (unbound) 2+ excited state of 6He at Ex = 1.8MeV.
The same eﬀect should be expected in the 20O case and
the 14C + 6He∗ decay. Since the 1.8MeV state in 6He has
Jπ = 2+, the decay of the 20O states has contributions
of diﬀerent L-values and the corresponding widths do not
show a simple pattern. Experimental determination of de-
cay modes for each state is therefore necessary to make
ﬁnal conclusions on the systematics of the proposed rota-
tional bands.
4.6 Extremely narrow states: 14.38, 15.24MeV and
15.72MeV
There are states at higher excitation energies, which we
did not assign to any of the proposed rotational bands
and which have very small width (although they are well
above the thresholds for one neutron, two-neutron and
α-emission). Those states probably have shapes which
are not connected to the structures discussed so far. In
the spirit of a “complete spectroscopy”, which has been
achieved for 13C [38] and 14C [39], we also propose further
cluster structures, diﬀerent from the listed ones. Apart
from the proposed prolate cluster and molecular states,
one should also observe clustered states of the oblate ge-
ometry (the coexistence of prolate and oblate shapes was
seen, e.g., in 14C [39]). The states are observed with a
very small width (below 5 keV) at high excitation ener-
gies, at Ex = 14.38MeV, 15.24MeV and 15.72MeV, well
above the particle decay thresholds. Whereas the ﬁrst of
them (at 14.38MeV) is rather weak, the latter two have
intensities of potentially higher-spin states (4+, 5+). These
states are seen at all angles, however, at the smallest an-
gle of 10◦ with a width below 5 keV (see table 5). At this
angle the width of peaks have only small contributions
from the kinematics and from the emittance of the beam.
These states do not ﬁt into the systematics of excita-
tion energies and width of the proposed rotational bands,
therefore we propose that these are examples of shape
isomers.
We may consider the tetrahedral shape (quadrupole
moment Q2 = 0 and spin J = 0) as suggested by Brink
et al. [40], as a substructure where four valence neutrons
are placed on the four connecting lines. One of the excited
J = 0 states in 16O in the region of Ex = 10–15MeV may
have the tetrahedral shape, but a larger rms radius than
the ground state. This state will again have Q2 = 0 and
J = 0, and our state at 14.38MeV has a (2J +1) intensity
corresponding to J = 0 relative to the other states. For
the other cited states we suggest that they have oblate
shapes and belong to a class of states already observed in
14C (3−), there with a triangular intrinsic structure, where
the neutrons are shared by the three α-particles [39]. The
corresponding state with optimum energy for 20O would
be the rectangular arrangement of four α-particles, with
four neutrons in between the four gaps. The excitation en-
ergy is expected to be close to the corresponding threshold
(connected to the alpha-condensate proposed at 15.1MeV
in 16O, J = 0+6 ). This sharing of the valence particles has
been shown for 14C to produce a very strong binding en-
ergy. In our case the states are below the (14C + 2n + α)
threshold of 17.79MeV, and below the (16O+4n) thresh-
old (23.7MeV). Their ﬁrst spin values are expected to
be 4+ and 5+, consistent with (2J + 1) for the yields
observed.
Actually inspecting the full list of states in our study
of structures in 19O given in ref. [15], we ﬁnd in a sim-
ilar region of excitation energies at least three states
(surrounded by states with a large width) with a ﬁtted
width below 10 keV. We suggest that these states are
again shape isomers in the spirit discussed here. We can
expect that particularly stable isomeric states will ap-
pear in the isotopes 22O for tetrahedral and in 24O for
rectangular shapes, with quite unusual properties. The
closest packing and largest binding energy must be ex-
pected for 8 valence neutrons in π-bonds in the oblate
24O conﬁguration.
4.7 Discussion of moments of inertia, parity splitting
and binding energies
The parity splitting of the K = 0+2 band in
20O turns out
to be 5.2MeV, a value slightly larger than for 18O. For
the negative-parity states we have selected mainly broad
states, as in the case of 18O. The experimental values of
the moments of inertia θ (summarised in table 3 and ﬁg. 5)
can be interpreted in a semi-classical picture using clus-
ter density distributions with Gaussian form factors and
known rms radii from refs. [41,42] by varying the distance
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Fig. 5. (Color online) Cluster bands with β2 ≈ 0.4 and at lower
excitation energies (upper part), and higher-lying rotational
bands having β2 ≈ 0.6 with neutrons in valence orbits (lower
part) for even oxygen isotopes: 16O (green, triangles, roman
values), 18O (blue, circles, bold values) and 20O (red, squares,
italic values). The values given in the ﬁgure correspond to the
slope parameter (h¯2/2θ) for each band (see also table 3).
d between the clusters to reproduce the slope parameters
h¯2/2Θ given in ﬁg. 3.
If we assume the (14C⊗ 6He) conﬁguration for the
lower-lying band (as in ref. [14]), and take the experimen-
tally determined slope parameter (164 keV, see table 3),
the procedure results in d = 3.50 fm. The same proce-
dure for the higher proposed rotational band (with the
16C⊗ 4He conﬁguration and h¯2/2θ = 84 keV) gives d =
6.35 fm. Furutachi et al. [14] obtained in their AMD calcu-
lations for the K = 0+2 band a distance of 3.65 fm between
the 14C and 6He clusters, while in the density plots they
have obtained a deformation parameter of βintr = 0.41.
Furthermore, their density plots show also conﬁgurations
which we can call “ionic”, with βintr = 0.61. These corre-
spond to a pronounced (16C⊗ 4He) structure, in particu-
lar for the negative-parity states. Actually these conﬁgu-
rations are expected to be linked to the σ-conﬁgurations
for the two neutrons (similar to the case of 22Ne shown in
ﬁg. 4 in the work of Kimura [12]). The π-orbitals appear
with the band with β = 0.50 shown in ﬁg. 8e in ref. [14].
The parity splitting for this extended conﬁguration is ex-
pected to be quite small. Unfortunately the parity pro-
jection of these 22Ne bands has not been done directly
—however, we can extract the parity splitting from the
ﬁg. 8 of ref. [12] to be around 1.1MeV, a value close to
our experimental result.
The value for the parity splitting of the K = 0±4 bands
in our work is 1.7MeV. This value is even smaller than
the corresponding value for the 18O molecular band built
on 0+4 (2.4MeV, see table 3) indicating that the transition
between direct and reﬂected conﬁgurations is less proba-
ble for the case of 20O —this is probably due to the larger
distance between the two major clusters 14C and α. Note
that the trend is diﬀerent for simple cluster conﬁgurations
(“ionic”) —the energy splitting for such bands increases
with the number of nucleons, as is the case in the clas-
sic example of 16O and 20Ne [6]. This is a consequence of
the decreasing distance between the two centres. In mo-
lecular conﬁgurations with increasing mass number and
increasing number of valence neutrons, larger prolate de-
formations, combined with the higher neutron densities
along the symmetry axis, are expected and therefore a
smaller energy splitting should be expected. This is the
case for the K = 0±4 bands in
20O and 18O. A similar ef-
fect has been seen for the prolate rotational bands in 13C
and 14C [38,39].
From table 3 and ﬁg. 5 it is evident that in both 18O
and 20O the bands at higher excitation energies have also
higher moments of inertia (i.e. lower slope parameters)
and smaller energy splittings. For lighter well-studied sys-
tems, 10Be [43] and 12Be [4,5], it was found that their
higher-lying bands have more “ionic” character, while the
lower-lying bands are of molecular nature (i.e. with shared
neutrons between two clusters), because the delocalisa-
tion of neutrons reduces signiﬁcantly the excitation en-
ergy. Similar claims were made for 22Ne [12] and ﬁnally for
20O [14], where the lower-lying band was suggested to have
mixed 14C + 6He and 12C+4n+α conﬁgurations, while the
higher-lying one is suggested to correspond to the 16C + α
“ionic” structure. Detailed study of decay modes (espe-
cially for exotic decays like 5He- or 6He-emission) should
be done to give clear answers on this issue.
Among the unassigned levels at higher excitation ener-
gies in tables 4 and 5, one should also look to the proton-
hole shell-model states, as found for lighter oxygen iso-
topes, 18O [9] and 19O [15], as well as carbon isotopes
16C [44] and 17C [45].
Apart from those and other shell-model states and the
proposed cluster (prolate and oblate) and molecular ro-
tational bands, in all oxygen isotopes heavier than 16O
one should also look for states coupled to the cluster-gas–
like state (Hoyle-analogue), recently suggested to be at
Ex(16O) ≈ 15.1MeV [46–48]. The basic structure of such
state could be a linear (chain) or rather spherical (tetra-
hedral) or even oblate conﬁgurations [49]. A search for
such states should start with a detailed spectroscopy of
17O (through multiple coincidences giving data for decay
modes), where ﬁrst states having a simple cluster charac-
ter have recently been clearly identiﬁed [50]. Among the
candidates for states of either oblate or gas-like charac-
ter in 20O we can identify a number of rather strongly
populated states not assigned in our work, see ﬁg. 2. We
may expect to get strong binding eﬀects for a closer pack-
ing as discussed in sect. 4.6, and although the thresholds
for total decomposition are high, the corresponding states
may well be those identiﬁed as narrow states in sect. 4.6.
Further experimental work, in particular studying decay
modes of all states and angular correlations between de-
cay products, is needed to complete the spectroscopy of
this interesting nucleus and its neighbours.
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Table 4. Excitation energies Ex of
20O up to 12.5MeV, widths of resonances Γ , cross-sections dσ/dΩ in the centre-of-mass
system at θLab = 10
◦, 20◦ and 39◦ obtained from the present measurement of the 14C(7Li, p)20O reaction at ELab = 44MeV,
Jπ assignments as discussed in the text, and results from the literature. Entries cont. or shield in the columns of cross-sections
indicate that a contamination line or a shielding plate at this place covered the corresponding line of 20O (see also text).
Ex Γ
`
dσ
dΩ
´
cm
`
dσ
dΩ
´
cm
`
dσ
dΩ
´
cm
Jπ JπLit Ex,Lit Ref.
[MeV] [keV] [μb/sr] [μb/sr] [μb/sr] Reactions β-decay [25]
This work θLab = 10
◦ θLab = 20◦ θLab = 39◦ [MeV] [MeV]
0.000 0.95(15) 0.7(1) 0.33(7) 0+ 0+1 0.000 [17]
1.674(4) 4.1(3) 3.9(2) 1.8(2) 2+ 2+ 1.67368(2) [17]
3.572(4) 0.76(11) 1.2(1) 0.50(6) 4+ 4+ 3.570(3) [17]
3.895(5) [24]
4.075(4) 1.6(1) 1.5(1) 0.66(7) 2+ 4.072(3) [17]
4.353(5) [24]
4.458(4) 1.8(2) 1.8(2) 1.0(1) 0+ 0+2 4.456(3) [17]
4.598(5) [24]
4+ 4.844(8) [17,21,24]
5.000(4) 2.3(2) 1.8(2) 1.2(1) (3−,2+,1−) 5.002(6) [23,20]
5.115(5) [24]
5.237(5) 6.3(3) 6.7(3) 2.4(2) 2+ 2+ 5.234(5) [17]
5.298(7) 1.3(1) 1.7(2) 1.24(8) 2+ 5.304(6) [17]
1− 5.35(10) [23,24]
5.377(5) 0.25(7) 0.3(1) 0.13(5) 0+3 5.387(6) [17]
5.618(5) 12.3(3) 9.7(3) 7.2(2) (3−) 5.614(3) [21,24]
5.873(5) [24]
5.886(5) 1.2(1) 0.9(1) 0.5(1)
6.559(5) 0.7(1) 0.6(1) 0.04(3) 2+ 6.557(1) [17,24,25]
1− 6.85(5) [23]
6.939(5) 3.1(2) 3.1(2) 2.5(2)
7.257(5) 11.8(3) 11.8(4) 5.5(2) 5− 7.252(8) [17]
(1,2,3)− 7.570(5) [25]
7.608 n-thresh.
7.622(7) 7.1(3) 10.0(3) 5.1(2) 3−+ 4+ 7.622(7) [21]
7.754(4) 9.5(3) 10.2(3) 6.8(3) 4+ 4+ 7.754(5) [17]
7.855(5) 5(2) 1.6(1) 1.8(2) 2.1(2) (5−) 7.855(6) [21]
7.916(4) 10(2) 1.0(1) 1.0(1) 0.5(1)
8.313(9) 33(5) 1.6(1) 1.4(1) 0.36(4)
8.561(5) 220(15) 12.1(3) 14.8(4) 5.6(2) 4+ 8.554(8) [17]
8.789(9) 7(3) 0.9(1) 1.0(1) 0.37(5) 3− 8.804(9) [21,19]
(1,2,3)− 8.860(8) [25]
(0+) 8.962(21) [21]
(1,2,3)− 9.024(6) [25]
9.488(5) 100(10) cont. 2.9(2) 2.4(2)
9.645(5) 130(20) 5.5(2) 4.8(2) 1.9(1)
9.768(5) 20(3) 1.1(1) 1.8(2) cont. 0+ 0+4 9.770(8) [21]
(1,2,3)− 9.884(15) [25]
9.918(5) 20(3) 1.0(1) 1.7(2) 1.0(1) (1−)
10.110(4) 5(3) 16.0(3) 21.7(5) 11.8(3) 2+ 2+ 10.125(11) [21,19]
10.37(5) 20(5) 2.0(5) cont. cont.
10.47(5) 20(5) 1.3(3) cont. 1.0(1)
(1,2,3)− 10.587(2) [25]
10.684(5) 260(30) shield 12.2(4) 6.1(2)
10.816(4) 25(5) 7.2(3) 11.4(3) 5.5(2)
(1,2,3)− 10.84(1) [25]
10.933(4) 40(8) 13.5(3) 13.4(3) 7.3(2) (6+)
11.05(4) 50(10) 3.0(2) 2.2(2) 2.6(1)
11.15(3) 45(10) 4.1(2) 3.5(2) 0.8(1)
11.39(1) 110(20) 6.1(4) 4.5(2) 4.0(2) (4+)
11.52(1) 50(15) 1.0(1) 2.5(2) 1.3(1)
11.67(1) 100(50) 3.2(2) 5.3(3) 3.7(2)
11.95(1) 90(10) 6.6(3) 6.8(3) 6.1(2) (3−)
12.126(5) 25(5) 1.3(1) 0.9(1) 0.6(1)
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Table 5. Continuation of table 4 for excitation energies of 20O above 12.5MeV: excitation energies Ex, widths of resonances
Γ , cross-sections dσ/dΩ in the centre-of-mass system at θLab = 10
◦, 20◦ and 39◦ obtained from the present measurement of the
14C(7Li, p)20O reaction at ELab = 44MeV, J
π assignments as discussed in the text, and results from the literature (see text for
the entry overlap).
Ex Γ
`
dσ
dΩ
´
cm
`
dσ
dΩ
´
cm
`
dσ
dΩ
´
cm
Jπ JπLit Ex,Lit Ref.
[MeV] [keV] [μb/sr] [μb/sr] [μb/sr] [MeV]
θLab = 10
◦ θLab = 20◦ θLab = 39◦
12.50(3) 400(50) 23.5(5) 16.9(5) 16.5(3)
(1,2,3)− 12.52(2) [25]
12.537(9) 15(5) <0.2 2.2(2) 0.9(1)
12.83(2) 100(10) 6.6(3) 4.0(3) 2.8(2)
(1,2,3)− 12.96(2) [25]
13.23(2) 200(20) 11.4(5) 8.0(3) 5.9(2)
13.44(1) 65(15) 6.3(3) 12.2(4) 5.4(2) (5−)
13.60(1) 250(50) 29.3(5) 16.4(4) 16.9(3) (6+)
13.955(8) 150(20) 16.1(4) 15.7(4) 7.5(2) (5−)
14.349(6) 300(30) 21.1(4) 15.0(4) 10.1(2)
14.382(8) 4(3) 2.2(2) 1.4(2) 0.5(1)
14.85(5) 40(7) 2.0(5) 2.1(2) 1.7(1)
15.015(5) 100(10) cont. 5.5(3) 0.3(2)
15.247(5) 5(3) 10.2(3) 8.2(3) 5.0(2)
15.44(2) 200(20) 10.6(3) 7.9(3) 5.6(2)
15.626(5) 60(10) 3.8(2) overlap overlap
15.72(1) 2(1) 18.9(4) 12.8(5) 10.3(3)
15.92(1) 270(40) 15.0(3) 2.0(2) cont.
16.36(1) 90(40) 15.3(3) 9.3(4) 2.8(2) (8+)
16.63(1) 110(20) 16.8(3) 21.7(5) 9.2(2) (8+)
17.352(8) 210(30) 16.9(3) 25.2(5) 11.9(3) (7−)
17.555(9) 40(10) 9.5(3) 5.4(3) 5.7(2)
17.626(4) 50(10) 8.1(3) 6.0(3) 6.1(2)
17.90(3) 120(30) 6.2(2) 3.6(3) 3.4(2)
18.456(9) 140(20) 25.9(5) 17.6(5) 14.6(3) (7−)
18.61(1) 190(20) 26.9(5) 28.9(7) 11.8(3) (10+)
18.84(5) 190(20) 11.2(3) 7.9(4) 6.4(2)
19.25(1) 195(20) 28.7(5) 14.2(3)
20.03(1) 50(10) 3.7(2)
5 Summary
We conclude that with the present multi-particle trans-
fer reaction it was possible to observe a large number
of new states in 20O of higher spin and with potential
cluster structure at higher excitation energies. The reac-
tion did not populate the states found in β- and γ-decay
studies. We have found evidence for rotational bands as
parity inversion doublets, the proposed bands are sum-
marised in ﬁg. 3. These are the K = 0+1 ground-state
band (shell model) with an (sd)4 conﬁguration of four
neutrons on a closed-shell 16O core, the K = 0±2 parity
doublet bands with the proposed “ionic” structure with
a prolate shape and deformation parameter β2 = 0.41.
The prolate K = 0±4 band with a more extended mo-
lecular (14C ⊗ 2n ⊗ α) structure (deformation parameter
β2 = 0.61), which may be mixed with a (16C⊗ α) conﬁgu-
ration. Very narrow states are observed at high excitation
energies (14–16MeV); it is proposed that these are shape
isomers, i.e. states corresponding to an oblate structure
of rectangular shape.
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